Abstract Laser-induced breakdown spectroscopy (LIBS) is regarded as a suitable method for the remote analysis of materials in any phase, even in an environment with high radiation levels. In the present work we used the third harmonic pulse of a Nd:YAG laser for ablation of uranium metal and measured the plasma emission with a fiber-optic spectrometer. The LIBS spectra of uranium metal and their features in different ambient gases (i.e., argon, neon, oxygen, and nitrogen) at atmospheric pressure were studied. Strong continuum spectrum and several hundreds of emission lines from UI and UII were observed. It is found that the continuum spectrum observed in uranium not only comes from bremsstrahlung emission but is also due to the complex spectrum of uranium. The influence of ambient gas and the gas flow rate for ablation of uranium metal was investigated. The experimental results indicate that the intensity of the uranium lines was enhanced in argon and nitrogen. However, the intensity of uranium lines was decreased in oxygen due to the generation of UO and other oxides. The results also showed that the highest intensity of uranium lines were obtained in argon gas with a gas flow rate above 2.5 L/min. The enhanced mechanism in ambient gas and the influence of the gas flow rate were analyzed in this work.
Introduction
With the rapid development of nuclear power and of the nuclear industry, it has become necessary to develop a novel inspection technology for nuclear materials, nuclear fuel, and nuclear waste, which should provide reliable and fast measurements in various processes of the nuclear fuel cycle [1] . Laser-induced breakdown spectroscopy (LIBS) is suitable for rapid in situ elemental analysis of materials in any phase, with either easy sample preparation or without the need for sample preparation [2−4] . As a purely optical method, LIBS technology is better suited to remote analysis applications in an environment with high radiation levels. Thus, LIBS has been pursued by the International Atomic Energy Agency (IAEA) and several countries for use in nuclear safeguards inspection [5, 6] . Uranium, as a nuclear fuel, is widely used in nuclear power and in the nuclear industry. LIBS has been used to analyze uranium in solution [7] , in ore, and in powders [8−10] . It has great potential to be used for nuclear safety inspection in-situ. Uranium and other actinium elements in glass matrix [11, 12] and the impurities in nuclear fuel [1] have been investigated by the LIBS technique, which could be used in nuclear cycle management. Previous studies have shown that the spectra of uranium and other actinium elements are very complex. However, the spectra of uranium still needs to be investigated exhaustively and the processes involved in laser ablation of uranium material still needs to be understood.
Several studies have attempted to analyze the effect of ambient gas on LIBS, such as gas kinds, gases pressure, and so on [13−15] . Most experiments that have analyzed the effect of ambient gas were performed in vacuum conditions. Since it is easy to control gas pressure and to get pure gas conditions, it will be helpful to understand the physical mechanism of plasma in ambient gases. A similar method has been used to analyze the time-resolved spectra and the behavior of uranium spectra in different gas pressures [16, 17] . However, the ability to operate under atmospheric pressure is one of the most attractive features of laser ablation in ambient gas because it allows in-situ analysis of various materials, such as uranium [18] . In this work, we report the spectra of uranium metal and their features in different ambient gases at atmospheric pressure for in-situ applications.
Experimental setup
The experimental setup was described in Ref. [19] , we give a brief description here. The experimental setup is shown schematically in Fig. 1 . The third harmonic 355 nm of a Q-switched Nd:YAG laser was used for laser ablation and the pulse repetition was 10 Hz. This can deliver up to 150 mJ at 355 nm with a pulse duration of ∼10 ns. The laser beam was focused on the sample using a quartz lens (f =80 mm). The energy of the laser pulse was measured by an energy meter (3sigma, J45LP-MB, Coherent). Plasma emission was collected in the horizontal direction. Two plano-convex quartz lenses were used to focus the signal to the bifurcated fiber cable. The spectrometer (Avantes, Netherlands) was composed of four channels, whose spectral resolution was 0.08 nm, 0.08 nm, 0.4 nm, and 0.11 nm for the spectra range of 230-343 nm, 340-438 nm, 435-935 nm, and 934-1082 nm, respectively. The spectra were recorded using a CCD detector with 2 ms gate width. The spectrometer and the laser were both trigged by a digital delay generator (DG645, SRS), so that the delay time between laser and spectra acquisition can be easily adjusted. A piece of depleted uranium metal with 5 mm length was mounted on the sample holder, which was controlled by a two-dimension motorized linear stage. By continuously moving the sample, a nearly fresh surface was provided for each shot in the experiment, which improved the reproducibility of the mass ablation. A gas jet was mounted on the system and the gas flow tube was positioned at approximately 45 o relative to the laser beam. The ambient gas simply flowed onto the sample surface to modify the ambient of the sample. The flow rate was controlled by a gas valve with a precision of 1 L/min.
3 Results and discussion 3.1 Spectral features of uranium in air Fig. 2 shows the typical uranium spectra, which were recorded at a delay time of 1500 ns in air. Fig. 2(a) was obtained by using 15 mJ 355 nm laser pulses and Fig. 2(b) was obtained by using 3 mJ 355 nm laser pulses. The uranium spectrum is very complex due to the very dense electronic structures of its excited states. In our experiments, several hundreds of emission lines from UI and UII were observed in the wavelength range of 230-935 nm. UII lines were observed in the UV range and UI lines were mainly in the visible range. The intense continuum spectrum from 250 nm to 750 nm were observed after a 1500 ns delay time. Usually, the intense continuum spectrum observed in laser ablation arises from bremsstrahlung emission and its intensity decreases rapidly several hundred nanoseconds after the laser ignition [20] . However, the continuum spectrum observed after 1500 ns of laser pulse not only came from bremsstrahlung emission but was also due to the complexity of the uranium spectrum, which could not be resolved by the spectrometer. Thus, a high resolution spectrometer is important for uranium analysis. 
Spectral features with ambient gas
Mostly, the LIBS measurement is performed in air and the lines from target may be interfered by air, which will increase the difficulty of the spectrum analysis, especially for uranium and other actinides elements. Some experimental results have shown that ambient gas can be used in LIBS to avoid interference from air and to enhance the lines intensity of the target [21] . In this experiment, the features of U lines in air and ambient gases of oxygen, nitrogen, and argon were studied.
Argon is a very popular ambient gas in laser ablation studies [14] . In our experiments, argon and neon were used as ambient gas at atmospheric pressure. Fig. 3 shows part of the uranium spectra in air, argon, and neon with 15 mJ pulse energy after 1500 ns of laser pulse. The gas flow rates of argon and neon are both 10 L/min. The results show that uranium lines can be enhanced in an argon ambient gas, compared to air and neon. The time evolutions of the intensity of UII line (290.6 nm) and UI line (591.4 nm) are shown in Fig. 4 . It is found that the intensity of the lines in argon is always higher than those in air and neon because the plasma is hotter in argon than in other gases [22] . In our case, it is hard to evaluate the temperature of plasma by uranium lines because of the absence of complete data about the lines. However, the electron density can be calculated by Stark broadening of H α line (656.2 nm) from air or remnant H 2 O in another ambient gas. Fig. 5 shows the normalized Hα lines fitted by Voigt profiles, which were obtained by using 15 mJ 355 nm laser pulses at 500 ns delay time in three ambient gases. It can easily be concluded that higher electron density was created in argon and air than in neon. It can be understood that Ar (15.76 eV), N 2 and O 2 are easily ionized because of their lower ionization potentials than Ne (24.59 eV). Thus, a higher electron density in plasma could be created in argon and air, which will make more atoms and ions excited and this will enhance the uranium lines [12] . Fig.3 Comparison of the spectra of uranium in air, argon, and neon 
Emissions from UO
To investigate the interference from air in more detail, the features of uranium emission in N 2 , O 2 , and Ar were studied. Parts of the uranium spectra are shown in Fig. 6 . Two bumps were, respectively, observed in the range of 543-566 nm and 589-632 nm in air and oxygen, but no bump was observed in argon or nitrogen. So, these emissions should come from the oxide of uranium. The explanation can be confirmed from the data of UO [23] , where the reaction of the uranium and the O 2 in air or oxygen was confirmed: 2U+O 2 →2UO. It can also be found that the emission intensity from UO is higher in air than in O 2 . This should arise from the reaction of UO and O 2 in pure oxygen, and other oxides were generated. Thus, nitrogen or argon can be used to enhance the intensity of uranium lines to avoid the oxide reaction.
Influence of gas flow rate
The gas flow rate of ambient gas is an important parameter for LIBS analysis in an ambient gas. The behaviors of uranium emission at different gas flow rates for argon and nitrogen were investigated. The intensities of two ionic lines and two atomic lines from uranium at seven different gas flow rates for argon and nitrogen are shown Fig. 7 , where the pulse energy of laser was decreased to 3 mJ to prevent saturation of the spectrometer in the visible range. The intensity of the lines jumped rapidly as the gas flow rate of argon increased from 1 L/min to 2.5 L/min, and it then stayed flattened, as shown in Fig. 7(a) . This threshold-like behavior indicates the formation of relatively thick and stable ambient gas after a flow rate of 2.5 L/min, which can keep a hotter plasma. Thus, for a thick enough ambient gas, an equilibrium was eventually reached. However, in the case of nitrogen, the intensity of these lines increases very slowly as the gas flow rate increases. This should happen because nitrogen is the main component of air (78%) and the contribution of the ambient gas of nitrogen is minor. Under stable conditions the emission intensities for argon gas are always higher than those for nitrogen gas, see Fig. 7(a) and (b) . Although a similar electron density was created in air and argon in view of their similar ionization potentials of Ar as N 2 , as mentioned in section 3.2, a hotter plasma can be created in argon, as described in Ref. [22] , which enhances the probability of collision excitation in a very short time. 
Conclusion
The spectrum of uranium metal and the behaviors of the spectra in different ambient gases have been investigated in the present LIBS experiments. The experimental results show that the uranium spectrum is very complex. Several hundred uranium lines and the intense continuum spectrum induced by dense lines were observed. The emissions from oxide of uranium were also observed when the uranium metal was ablated in oxygen environments, which reduced the intensity of uranium lines. To avoid the generation of oxides of uranium, argon and nitrogen were used as the ambient gas. These results showed that the highest intensity of uranium lines was obtained in argon gas with a gas flow rate above 2.5 L/min at atmospheric pressure.
A high resolution spectrometer will soon be equipped in our LIBS system and the spectra of uranium and other actinide elements will be analyzed in more detail. We expect that uranium or mixed oxide fuel will eventually be analyzed by remote and in-situ LIBS detection.
